Phylogenetic relationships and rates of nucleotide substitution were studied for alcohol dehydrogenase (ADH) genes by using DNA sequences from mammals and plants. Mammalian ADH sequences include the three class I genes and a class II gene from humans and one gene each from baboon, rat, and mouse. Plant sequences include two ADH genes each from maize and rice, three genes from barley, and one gene each from wheat and two dicots, Arabidopsis and pea. Phylogenetic trees show that relationships among ADH genes are generally consistent with taxonomic relationships: mammalian and plant ADH genes are classified into two distinct groups; primate class I genes are clustered; and two dicot sequences are clustered separately from monocot sequences. Accelerated evolution has been detected among the duplicated ADH genes in plants, in which synonymous substitutions occurred more often within the coenzyme-binding domain than within the catalytic domains.
Introduction
Alcohol dehydrogenases (ADHs) constitute two evolutionary groups, one characterized by short protein chains (-250 residues) which do not require zinc as a cofactor and one characterized by long protein chains (-370 residues) which require zinc as a cofactor (Jiimvall et al. 198 1, 1984) . The former group is represented by ADHs from Drosophila, and the latter is represented by ADHs from organisms as diverse as mammals, plants, and yeasts (Jiimvall 1985) . These two ADH groups are so distantly related that the alignment of their amino acid sequences is virtually impossible (also see Benyajati et al. 198 1) . However, the amino acid sequences of the zinc-containing long-chain (LC) ADHs are highly conserved. For example, maize and mammalian ADHs have an amino acid sequence similarity of -50%, and mammalian and budding yeast ADHs share -20% similarity (Eklund et al. 1976a; Jijmvall et al. 1987) .
All of the LC ADHs are dimeric enzymes. In humans three classes (I, II, and III) of ADH are distinguished by their ability to form intergenic heterodimers. In class I, three subunits--a, p, and y-are encoded by three distinct loci: ADHl, ADH2, and ADH3, respectively. These subunits are randomly combined to produce dimeric enzymes. Class II subunits (n;) and class III subunits (x) are encoded by ADH4 and ADHS, respectively. As in humans, murine ADHs are also subdivided into the three classes (e.g., see Edenberg et al. 1985; Julia et al. 1988) . Among these, class I ADHs comprise the major isozymes involved in ethanol metabolism (for a review, see Smith 1986) . ADHs from plants have not been similarly classified, but they are also dimeric and in many instances readily form intergenic heterodimers (e.g., see Harberd and Edwards 1983; Freeling and Bennett 1985) .
To date, most evolutionary comparisons of LC ADHs have been based on amino acid sequences (e.g., see Eklund et al. 1976a ; Ikuta et al. 1986; Jijrnvall et al. 1987; . However, because the genetic code is degenerate, evolutionary comparisons based on DNA sequences are more informative than those based on amino acid sequences. Since nucleotide sequences of ADH cDNA and genomic clones from mammals and plants have recently become available, such analyses are now feasible. In the present paper, we construct phylogenetic trees of LC ADH genes from mammals and plants and study the patterns of nucleotide substitution in different functional domains of the molecule during different evolutionary stages.
Material and Methods
Class I ADH genes in humans (Homo sapiens) were represented by alleles from ADHl (denoted HSl; Ikuta et al. 1986; , ADH2 (HS2; Hempel et al. 1984; Ikuta et al. 1986; Yokoyama et al. 1987), and ADH3 (HS3; Biihler et al. 1984; Ikuta et al. 1986 ) loci. It should be noted that the ADH 1 locus is nearly monomorphic and that nucleotide variation at the ADH2 (Ehrig et al. 1988; ) and ADH3 (Hiiog et al. 1986 ) loci is low. Thus, we included sequence data for only one allele from each locus. Specifically, HS2 is represented by an allele (ADH2') that encodes protein subunit ADHPi , and HS3 is represented by an allele (ADH3l) that encodes subunit ADHyi . Furthermore, class I ADH genes from baboon [Papio papio (PP); Trezise et al. 19891 (ZM l) ] was represented by the ADH 1-F allele (Dennis et al. 1984) , whose sequence differs only slightly from that of a second allele, ADH 1-S (Sachs et al. 1986 ): Maize was also represented by a second gene, ADH2 (ZM2; Dennis et al. 1985) . ADH genes from barley (Hordeum vulgare) included ADH 1 (HV 1; Good et al. 1988; Trick et al. 1988 ), ADH2 (HV2; Trick et al. 1988) , and ADH3 (HV3; Trick et al. 1988 ). An ADH gene (TA) from wheat Triticum aestivum (Mitchell et al. 1989) and ADHl (OSl) and ADH2 (OS2) genes from rice [Oryza sativa (Xie and Wu 1989) ] were also included.
Dicot sequences used were those of Arabidopsis thaliana (AT; Chang and Meyerowitz 1986) and pea [Pisum sativum (PS); Llewellyn et al. 19871 ADH genes.
The number of amino acid residues and their sequences are highly conserved among these LC ADHs. When the initiation and stop codons are excluded from consideration, HSl, HS2, HS3, PP, and MM each have 374 codons, while RN and HS4 have 375 and 379 codons, respectively. Among plants, HVl, HV3, ZMl, ZM2, TA, and AT each consist of 379 codons, while PS, OSl, and OS2 have 380,376, and 375 codons, respectively. HV2 is somewhat unusual and has 373 codons, lacking six codons between codons 293 and 298 when it is compared with others (Trick et al. 1988 ). Because of the small number of deletions/insertions, ADH sequences can be easily aligned visually (e.g., see fig. 1 ). To estimate the number of nucleotide substitutions, a total of 368 codons were used.
From a study of X-ray crystallography, a three-dimensional structure of horse ADH has been proposed, and functional domains have been identified (Eklund et al. 19763) . When HSl is used as a reference, one catalytic domain (CDl) spans codons 1-175; the coenzyme binding domain (CBD) spans codons 176-3 18; and a second catalytic domain (CD2) spans codons 3 19-374. Because the rate and pattern of amino acid replacements differ among these domains in mammals , they were distinguished in the analyses. Furthermore, the distinction of the three domains allows us to study whether selective constraints differ among different functional domains.
Pairwise comparisons were made for all 17 ADH genes by calculating the number of nucleotide substitutions per site (d). These values were estimated from d = -(3/4)ln[ l -(4/3)p], where p is the proportion of observed nucleotide differences between two sequences (Jukes and Cantor 1969) . We also computed the d values by using other formulas (Kimura 198 1; Takahata and Kimura 198 1; Gojobori et al. 1982) , but the values obtained were very similar. This is reasonable because the d values for these genes are considerably smaller than one (table 1; and see Gojobori et al. 1982; Tajima and Nei 1984) .
In addition to the total d, it is useful to distinguish the number of nucleotide substitutions that do not produce an amino acid replacement [synonymous substitutions (ds)] from the number of those that do produce amino acid replacement [nonsynonymous substitutions (&)I. ds and dn may vary among different lineages, affecting evolutionary interpretations. To study such possibilities, ds and d, values were evaluated by using the method of Miyata and Yasunaga (1980) . Topology and branch lengths of phylogenetic trees were evaluated by using both the neighbor-joining (NJ) method (Saitou and Nei 1987 ) and the unweighted pairgroup method with arithmetic mean (UPGMA) (Sokal and Michener 1958 ; for details of the procedure, see Nei 1987, pp. 293-298 1A) and dn (fig. 1 B) values for the entire coding sequence. Except for minor differences in the relationship among the monocot ADH genes, the two trees have similar topologies. Phylogenetic trees constructed by the UPGMA method also gave similar tree topologies. As expected, plant ADH genes form one cluster and mammalian ADH genes form another.
Among mammalian ADH genes, HS 1, HS2, HS3, and PP are most closely related. The common ancestor of these class I genes diverged from that of MM and RN, which in turn earlier diverged from the ancestor of HS4. Among plant ADH genes, the common ancestor of HV2, HV3, TA, OS2, and ZM2 diverged from that of OS 1, HV 1 and ZMl. This ancestral monocot ADH gene had earlier diverged from the dicot ancestral gene. These phylogenetic relationships among the monocot genes are consistent with the observation that ZMl and HVl encode subunits that reassociate in vitro to form functional heterodimers (Trick et al. 1988) and that are the predominant isozymes induced by anaerobic stress (Harberd and Edwards 1983; Freeling and Bennett 1985; Xie and Wu 1989) . Figure IA shows that HS4 is evolving faster than other mammalian genes. Differences in lengths between A-HS4 and other comparable branches of mammalian genes are all statistically significant, with the exception of the comparison between A-HS4 and A-HSl. Some representative branch lengths are shown in table 2, where lengths between CD1 and CBD and between CD2 and CBD have been compared. By comparing branches A-HS4 and A-HS2, we can see that the accelerated evolution of HS4 is due to faster changes in both CD1 and CBD regions in that gene (table 2) . Table 2 also shows that CD2 regions of murine genes are evolving more slowly than are CD1 and CBD regions of murine genes and CD2 regions of primate genes.
Branch Lengths d Values
Among the plant ADH genes, HV2, HV3, and OS2 are evolving faster than HVl and OS 1 (see fig. IA the three functional domains among plant genes shows that CBD is frequently evolving more rapidly than CD1 and CD2 (table 2) .
); that is, branches D-HV2, D-HV3, and D-OS2 are significantly longer than D-HVl and D-OS]. Branch C-HV2 is also significantly longer than C-AT and C-PS, showing that HV2 is evolving faster than AT and PS. Comparison of

d,, Values
When only dn was considered, branch lengths from A to the various mammalian ADH genes were more uniform than when total d was considered (see fig. 1B ). In particular, HS4 is evolving at a rate similar to that of the other mammalian ADH genes. The difference in the branch lengths between A-HS4 and the comparable branches of mammalian genes in figure 1A is caused by the difference in ds. observed that rates of amino acid replacement in mouse and rat ADHs are significantly higher than in human and horse ADHs. The same trend can be seen in figure 1B : murine ADH genes are evolving slightly faster than HS2, HS3, and PP (table 3 and fig. lB ), but the differences in the branch lengths between the murine and primate ADH genes are not statistically significant. The rate of amino acid replacement and the rate of nucleotide substitution based on dn cannot be compared directly; that is, the former is estimated by using all amino acid residues, whereas the latter is estimated by using only nonsynonymous nucleotide sites.
In comparing corresponding branch lengths among the three domains of mammalian ADH genes, CBD is frequently more conserved than CD 1 (table 3) . This result is consistent with the comparative analysis of amino acid sequences of mammalian ADHs by , who showed that the proportion of amino acid differences in CD1 and CD2 of human uADH is larger than that in CBD. Thus, for mammalian ADH genes, it appears that CBD is functionally more constrained than CD 1. In this sense, HS4 is exceptional.
Branch lengths from C to various plant ADH genes is again variable (see fig. 1B ); that is, branch D-HV2 is significantly longer than D-ZM 1, D-HVl, and D-OSl. Similarly, HV2 is evolving significantly faster than HV3, TA, and PS ( fig. 1B) . Among the three functional domains, the branch lengths for CBD tend to be longer than those for CD1 (e.g., see table 3, branches C-AT, C-PS, D-OS2, and D-ZMl). Thus, in contrast to the situation in mammals, the CD1 region seems to be the most functionally constrained among the three domains in plant ADH genes.
Discussion
We have seen that in mammalian ADH genes more nonsynonymous substitutions have accumulated in CD1 than in CBD, whereas plant ADH genes show fewer substitutions in CD1 than in CBD and CD2. This can be studied more directly by using rates of nucleotide substitution.
To estimate such rates, we must know divergence times among plant and animal lineages. The time of the mammalian radiation is N 75 Myr ago (Mya). Monocots and dicots diverged from each other 100-200 Mya (Muller 198 1; Shinozaki et al. 1983; Friis et al. 1987; Wolfe et al. 1989) .
For mammals, separate estimates of evolutionary rates were obtained for primates (HS 1, HS2, HS3, and PP) and murine (RN and MM) genes, by assuming that branch point B is 75 Mya (table 4). As expected, rates of nucleotide substitution in primate and murine ADH genes, particularly at nonsynonymous sites, tend to be lower within CBD than within CD 1 (table 4) . Similarly, CD2 is evolving more slowly than CD1 and CBD of murine genes and CD2 of primate genes (table 4) .
For the entire coding sequence, the evolutionary rate for all nucleotide substitution is l.5 X 1 Owg/site/year for primate ADH and murine ADH genes (table 4) . Furthermore, the evolutionary rates at synonymous sites are 5 X lo-g/site/year and 4 X 1 OAg/site/ year for primates and murines, respectively. Thus, the evolution of ADH genes differs from a general pattern of nucleotide substitutions detected by Wu and Li (1985) , who showed that synonymous nucleotide substitution is higher in murines than in humans. If we assume that the monocot-dicot divergence occurred 200 Mya (Wolfe et al. 1989) , then the rate ,of nucleotide substitution for the entire coding region of plant ADH genes is about half that for the entire coding region of mammalian genes. For example, the evolutionary rate is 0.8 X 1 Owg/site/year for monocots (ZM 1, HV 1, and OS 1) and dicots (AT and PS) (table 4). The two groups of genes show similar patterns of nucleotide substitutions; that is, the evolutionary rates at CD 1, CBD, and CD2 for these genes are similar, and the average rate for the entire gene is 0.8 X l0-g/site/year, 0.3 X 1 Osg/site/year, and 3.0 X 1 Owg/site/year for all codon positions, nonsynonymous sites, and synonymous sites, respectively. The duplicated genes HV2, HV3, TA, OS2, and ZM2 are evolving at a rate somewhat higher than these rates (table 4). The pattern of nucleotide substitution for these genes is characterized by the higher rate of synonymous substitution in CBD than in CD1 and CD2.
If we assume that monocots and dicots diverged 100 Mya, then the evolutionary rates for the coding regions of the mammalian and plant ADH genes are similar, both being -1.5 X 1 O-g/site/year. The divergence times estimated by using molecular data are associated with large standard errors (e.g., see Wolfe et al. 1989) , and therefore the possibility of equal evolutionary rates among the mammalian and plant ADH genes cannot be rejected.
In any case, it is clear that differential patterns of nucleotide substitutions exist among the three functional domains of different organisms. The variable evolutionary rates might have contributed to the functional adaptation of each ADH gene to its tissue-specific and developmental stage-specific expressions. However, such biological implications of the variable rates of nucleotide substitutions remain to be clarified.
Finally, when human ADH is used as a reference, amino acid residues 46 (Cys), 67 (His), and 174 (Cys)-lwhich provide ligands to one catalytic zinc atom-and amino acid residues 97 (Cys), 100 (Cys), 103 (Cys), and 111 (Cys)-which provide ligands to another catalytic zinc atom -are identical for all mammalian and plant ADH genes.
